INTRODUCTION
maintain CNS homeostasis (19) (20) (21) . The analysis of GCDH expression by using a polyclonal anti-GCDH in astrocyte cultures from WT mice evidenced a punctate pattern suggesting a mitochondrial expression of this enzymatic protein. In co-cultures, GCDH immunoreactivity in neurons was much higher than that of astrocytes (Fig. 1A) . The ability of WT and Gcdh-/-astrocytes isolated from the cerebral cortex to produce GA and 3HGA was then assessed by using gas chromatography coupled to mass spectrometry (GC/MS). GC/MS analyses show that Gcdh-/-astrocytes secreted low levels of GA-I metabolites in basal conditions and that levels increased several times when astrocytes were exposed to Lys (Fig. 1B) . Quantitative results indicate that in basal conditions Gcdh -/-astrocytes released 11 times more GA (1.94 µM vs 0.17 µM) and 2.5 fold more 3HGA (0.22 µM vs 0.10 µM) than WT astrocytes (Table   I ). In presence of Lys, Gcdh-/-astrocytes released 15 times more GA (64 µM vs 1.94 µM) and 2 times more 3HGA (0.49 µM vs 0.22 µM) than WT astrocytes (Table I) . Interestingly, for both astrocyte backgrounds, Lys exposition increased around 30-40 times the amount of GA released and 2-3 times that of 3HGA (Table I) . Variable amounts of GA (ranging from 3.68 to 5.51 µM and 1.4 to 22.6 µM), and 3HGA (ranging from 0.28 to 0.39 µM and 0.37 to 0.57 µM), were also detected in cell homogenates from WT and Gcdh-/-astrocytes, respectively; thus indicating that part of the GA and 3HGA synthetized by astrocytes remained inside the cells.
Astrocytes exposed to Lys undergo oxidative stress and increased proliferation
Neurotoxic levels of GA have been showed to promote sub-lethal toxicity in astrocytes, characterized by mitochondrial dysfunction, increased expression of S100β and exacerbated proliferation (13, 15, 16) . Similarly, a single exposure to 10 mM Lys induced a significant degree of sub-lethal damage in Gcdh-/-cortical astrocytes when compared to those maintained in low Lys concentrations. Ten mM Lys elicited oxidative stress as estimated by carboxy-H2DCFDA (DCF), diminution of glutathione (GSH) levels and increased levels of by guest on November 8, 2016 http://hmg.oxfordjournals.org/ Downloaded from 6 Thiobarbituric acid reactive substances (TBARS) (Fig. 2A, B) , which was associated with increased number of S100β expressing astrocytes and proliferating cells label with 5-bromo-3'-deoxyuridine (BrdU). In comparison, WT astrocytes that express functional GCDH also reacted to Lys overload with a comparable increased cell proliferation, S100β expression and oxidative stress, although the amplitude of the response was less prominent than Gcdh-/-astrocytes ( Fig. 2A, B) . Lys induced astrocyte damage was not observed at lower concentrations (Supplementary Table I ).
Exposure of Gcdh-/-astrocyte to 5 mM GA induced similar effects that Lys, suggesting Lys toxicity could be at least partially mediated by the production of cytotoxic levels of GA. In comparison, WT astrocytes that express functional GCDH also reacted to Lys overload with a comparable increased cell proliferation, S100β expression and oxidative stress, although the amplitude of the response was less prominent than Gcdh-/-astrocytes ( Fig. 2A, B ).
Astrocytes exposed to Lys caused death of striatal neurons
To determine whether Lys exposure to Gcdh-/-astrocytes could modulate their ability to support neuronal growth in co-culture, astrocytes were exposed to 10 mM Lys for 24 h and, after washing, neurons were seeded for 3 days on the top of astrocyte monolayer for evaluation of survival and morphology. For comparison, similar experiments were performed using 5 mM GA instead of Lys. WT and Gcdh-/-astrocyte feeder layers equally supported the survival of striatal neurons in the absence of Lys or GA challenge (Fig. 3A ).
Exposure to Lys or GA caused astrocytes to become toxic for striatal neurons causing a 35-45% decreased survival (Fig. 3B ) and decreased body size and simpler pattern of primary dendrites in either condition (Table II) . Astrocyte-mediated neuronal toxicity induced by Lys was not significantly different between WT and Gcdh-/-astrocytes. Similarly, striatal neurons from both WT and Gcdh-/-mouse embryos were equally vulnerable to astrocytes by guest on November 8, 2016 http://hmg.oxfordjournals.org/ Downloaded from challenged with Lys, although Gcdh-/-neurons appeared with more limited growth potential and more sensitive to astrocyte-induced damage (Fig. 3B ).
Cortical but not hippocampal neurons are also vulnerable to Lys stimulated-astrocytes
The vulnerability of other neuronal populations to the toxicity exerted by astrocytes challenged by Lys was also tested. Neurons from cerebral cortex or hippocampus seeded on the top of non-stimulated WT or Gcdh-/-astrocytes developed normally, both in number and size (Fig. 4A ). Astrocytes stimulated with Lys or GA caused a 25-35% decrease in survival of cortical neurons (Fig. 4B) , as well as a reduction in body size and primary neurites (Table   III) . Compared to cortical neurons, hippocampal neurons showed a less marked and nonsignificant vulnerability to astrocytes stimulated with Lys o GA (Fig. 4A, B) . As described for striatal neurons, cortical and hippocampal Gcdh-/-neurons appeared more vulnerable than those from WT animals, although the difference was not statistically significant ( Fig.   4B ).
Antioxidants prevented Lys-and GA-astrocyte damage and dependent neuronal death Because Lys or GA potently induced oxidative stress, we evaluated whether antioxidant exposure or induction of antioxidant/cytoprotective defenses could prevent Lys and GA induced damage to astrocytes, and further protect co-cultured neurons. Lipid peroxidation and/or decrease in GSH levels elicited by Lys or GA in Gcdh-/-astrocytes were prevented by the antioxidants Melatonin (MEL) (22, 23) and Trolox (24) ; as well as by tert-butylhydroquinone (tBHQ), an inducer of the protective Nuclear Factor Erythroid 2-related Factor 2 (Nrf2)/antioxidant response element (ARE) pathway (25-27) ( Supplementary Fig. S1 ).
Remarkably, Fig. 5 shows that both strategies applied on astrocytes before Lys or GA challenge and co-culturing with striatal neurons prevented most of the neuronal death by guest on November 8, 2016 http://hmg.oxfordjournals.org/ Downloaded from 8 induced by the direct exposure of Gcdh-/-astrocytes to Lys or GA (Fig. 5) . Similar preservation of neuron survival was observed with antioxidants treatments on WT astrocytes ( Supplementary Fig. S2 ). MEL showed a slightly minor protection than tBHQ (Fig. 5, S2) which is likely related to the induction of the neuroprotective Nrf2/ARE pathway as shown in Fig. S1 for Gcdh-/-astrocytes.
Lys exposure does not induce cell death in Gcdh-/-striatal neurons
Since metabolic overload with Lys could be cytotoxic for neurons via a direct effect (28, 29) or by producing increased levels of metabolites such as GA, we determined the effect of a 72h exposure of 3-4 DIV striatal embryonic neuronal cultures to 10 mM Lys or 5 mM GA.
Neither Lys nor GA caused alterations in neurons survival or growth (Fig. 6A) . Gcdh-/-striatal neurons exposed to Lys showed a moderate but non-significant decreased survival (Fig. 6B) . Remarkably, Lys or GA did not cause significant effects on the survival of E18 cortical and hippocampal neurons.
DISCUSSION
Recent evidences indicate that glial cells play important pathogenic roles in neurodegeneration through non-cell autonomous mechanisms (20, 30, 31) . In different genetic models, specific populations of vulnerable neurons can degenerate when astrocytes become dysfunctional, affecting the clearance of extracellular glutamate and/or the release of neurotrophic factors or compounds fueling neuron metabolism (19, 32, 33) . In accordance, the reduced activity of GCDH or the direct exposure of astrocytes to GA or 3HGA has been found to induce astrocyte dysfunction and subsequent astrocyte-mediated neuronal death (13, 15, 16) . In the present study, we have used Gcdh-/-astrocytes to further investigate the contribution of astrocytes to striatal neuronal death in a cell culture system where neurons were maintained on the top of the astrocytic feeder layer. We found evidence that GCDH is 9 expressed in cortical astrocytes and that Gcdh-/-astrocytes maintained in a high Lys medium can accumulate and release GA and 3HGA in a much higher extent as compared to WT astrocytes exposed to Lys. Moreover, Lys exposure strongly stimulated oxidative stress and proliferation in WT and Gcdh-/-astrocytes, and caused them to become neurotoxic for cocultured neurons. Remarkably, exposure of isolated neuronal cultures to Lys or GA did not induce any apparent death, suggesting astrocytes as the key pathogenic cell type mediating neuron loss in GA-I.
We demonstrated for the first time that WT astrocytes express low levels of the enzyme GCDH displaying a perinuclear punctuate cellular distribution reminiscent of mitochondria.
This result suggests that astrocytes can detoxify to a certain extent the GA produced locally during Lys or tryptophan catabolism. Remarkably, incubation of WT or Gcdh-/-astrocytes with high Lys concentration stimulated the production and accumulation of GA and also 3HGA in the culture medium, being several fold greater (especially for GA) in Gcdh-/-than WT astrocytes. These data support the view that astrocytic GCDH has the capacity to handle GA accumulation, although the metabolic pathway can be saturated by high Lys concentration. Moreover, while most GA (and 3HGA) produced by astrocytes appears to diffuse extracellularly, a substantial amount remains inside the cells, potentially reaching cytotoxic concentrations responsible for mitochondrial dysfunction or switch of signaling favoring cell proliferation (13, 15) . We also showed here that exposure of either Gcdh-/-or WT astrocytes to high Lys or GA provoked a reactive response, characterized by oxidative stress, increased proliferation rate of around 50% and 70% for WT and Gcdh-/-astrocytes, respectively, as well as increased number of S100β positive cells. The reactive response was more pronounced in Gcdh-/-astrocytes, as expected for a reduced ability to handle intracellular GA. Taken together, our results indicate that astrocytes can be a source of GA in high catabolic states and that in turn, GA accumulation can impact or damage key by guest on November 8, 2016 http://hmg.oxfordjournals.org/ Downloaded from astrocytic functions. Instead of triggering necrosis or apoptosis, astrocytes respond to GA by increasing proliferation and phenotypic changes that might be relevant to understand GA-I pathophysiology.
Remarkably, WT and Gcdh-/-astrocytes became neurotoxic for striatal and cortical neurons when incubated with high Lys or GA concentrations. Data obtained indicate that oxidative stress plays a leading role on Lys-and GA-dependent astrocyte toxicity. Remarkably, the solely preservation of astrocyte against oxidative damage was enough to protect against neuronal death. Astrocyte preservation was achieved either by direct scavenger antioxidant properties or by induction of own antioxidant responses such as the Nrf2/ARE pathway.
the experimental condition combining Gcdh-/-neuron and astrocyte cultures, suggesting a synergistic detrimental effect of reduced GCDH activity in interacting neural cells.
Regarding the understanding of GA-I pathophysiology, our data suggest that GA and 3HGA can be produced locally in the striatum in conditions of GCDH genetic defects. While GCDH levels seem to be higher in neurons than astrocytes, the later can critically contribute to GA detoxification in normal conditions. On the other hand, astrocytes probably have the ability to uptake GA (14) , therefore contributing to buffering the compound or its effects up to certain levels. Intact WT astrocytes can protect against GA neurotoxic effects (35-37), reducing the concentrations of glutamate in the synaptic cleft or releasing glutathione to reduce oxidative stress (19, 20) . However, upon metabolic damage with GA, astrocytes proliferate and lose their homeostatic normal functions (20) adopting a phenotype less supportive or directly toxic to neurons. Astrocyte dysfunction elicited by Lys or GA may also impair blood brain barrier homeostasis as well as oligodendrocyte generation (16, 38) , leading to the additional neurological damage characteristic of GA-I patients (39) (40) (41) .
Taken together, our data strongly suggest that dysfunctional Gcdh-/-astrocytes play a crucial role in GA-I neuropathology, and that preserving protective astrocyte phenotype is critical to maintain neuron survival. Data showing that Lys and GA-dependent astrocyte neurotoxicity is mediated by oxidative stress and abrogated by antioxidants; strongly suggest that inhibition of oxidative stress may be a valuable therapeutic strategy for GA-I patients.
MATERIAL AND METHODS

Ethical statement
This study was carried out in strict accordance with the National law and Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (USA). All efforts were made to minimize suffering, discomfort, stress and number of animals necessary to produce 
Isolated neuronal cultures
Neurons from the striatum, fronto-parietal cortex or CA1-CA3 hippocampal regions were prepared from E17-18 embryos according to Ventimiglia et al. (42) 
Astrocyte cultures and treatments
Primary astrocyte cultures were prepared from whole cortices of 1-2 day-old Gcdh-/-and WT mice. Briefly, cortices from 4-5 pups were placed in sterile PBS, cleaned from meninges, cut in small pieces and incubated in 0.05% trypsin-EDTA for 25 min at 37 ºC.
Trypsin was then blocked with astrocyte culture medium (DMEM supplemented with 10% FBS, 3.6 g/l HEPES, 1.2 g/l NaHCO3, 100 IU/ml penicillin, and 100 μg/ml streptomycin), 1 µg/ml DAPI and imaged in an Olympus FV300 laser scanning confocal microscope.
Astrocytes that show green signal in at least 70% of the whole nucleus were considered BrdU positive.
Co-cultures of neurons on astrocyte feeder layers
Confluent astrocyte monolayers were incubated with DMEM-2% FBS during 24 h and then exposed to 10 mM Lys or 5 mM GA for another 24 h. After that, the medium was completely removed and fresh astrocyte culture medium was added to wash cells and avoid any remaining Lys or GA contact neurons. After 6 h, the medium was completely removed and each neuron suspension added to astrocyte monolayers. Fifty or 300 μl of a 3 x 10 5 neurons/ml dilution were seeded on top of confluent astrocyte monolayers grown in 24 multiwell plates or 35 mm Petri dishes, respectively. After 30 min of rest to facilitate neuron attachment to astrocyte feeder layer, the volume was completed to 400 or 1500 µl with Neurobasal medium-2% B27 and 2% FBS. 3-4 days later, co-cultures were fixed with 4%
PFA and submitted to light imaging and neuronal immunostaining.
Immunocytochemistry
This approach was performed in neuronal and astrocyte cultures as well as co-cultures. The procedures were similar in all cases (15). Briefly, cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100 (20 min, RT), blocked with 5% BSA (60 min, RT) and incubated (wet chamber, overnight, 4 ºC) with one or two of the following antibodies:
1:400 anti-GFAP, 1:500 anti-S100β or1:500 anti-β-tubulin. Cells were then washed and incubated with correspondent 1:500 dilutions of secondary antibodies conjugated to Alexa
Fluor 488 or 546 (90 min, RT). After 3 washes with PBS, cells were mounted on glass slides with 50% glycerol-PBS containing 1 µg/ml DAPI. All images were taken with a confocal Olympus FV300 microscope maintaining equal parameters in all conditions analyzed.
Cell counting and statistical analysis
The number of viable neurons was estimated by immunostaining against β-tubulin or MAP-2 or bright field imaging. All cells positive to β-tubulin or MAP2 were counted regardless of its appearance in at least 75% of each whole area seeded. From light images, neurons counted were those with a clear morphology and bearing cell processes with a length at least equal to the body size. All samples underwent same parallel procedures. Measurement of size and number of neurites was done by using the free ImageJ (NIH, USA) software. At least 150 neurons were analyzed per experimental condition.
Organic acid analysis
Astrocytes from WT and Gcdh-/-mice were cultivated in the presence of 10 mM Lys for 72h, the culture media collected and organic acid analysis was carried out according to Quantitative measurement of GA and 3HGA in culture medium and astrocyte homogenates was performed by gas chromatography-mass spectroscopy using stable-isotope dilution (6).
Deuterium-labeled internal standards for GA (d4-GA, 0.05 mg/ml) and HGA (d5-HGA, 0.05 mg/ml) were added at 0.05 ml each to 1.0 ml cultured medium or 0.3 ml cell homogenates.
Sulfosalicylic acid at 0.15 ml of 9.33% or 70 mg was added to the samples. Organic acids were extracted twice with 3 ml diethyl ether and 1. 
Assessment of oxidative levels in living astrocytes
Carboxy-H2DCFDA (DCF) probe in astrocytes
Oxidative activity was measured in controls and Lys or GA-treated WT and Gcdh-/-astrocytes with the cell-permeant carboxy-H2DCFDA probe (Invitrogen). According to the manufacturer's instructions, living cells were washed and incubated with 5 µM carboxy-H2DCFDA in 10 mM PBS containing 20 mM glucose (1 h, 37 ºC). Then, 1 µg/ml DAPI was added, cells rinsed and each fluorescence emission immediately imaged or measured after excitations of 405 and 488 nm in a Varioskan spectrophotometer, respectively. All data were expressed as percent of respective control values obtained for WT and Gcdh-/-astrocytes.
Malondialdehyde (TBA-RS) and reduced glutathione (GSH) concentrations in astrocyte homogenates
Confluent fresh astrocyte monolayers seeded on two 35 mm Petri dishes were scraped in 20 mM sodium phosphate buffer, pH 7.4, containing 140 mM KCl, and then were centrifuged at 750 g (10 min, 4 °C) to discard nuclei and cell debris (45) . The pellet was discarded and the supernatant, a suspension of preserved organelles, including mitochondria, was used to measure lipid peroxidation and reduced glutathione concentrations. The protein content was determined by the method of Lowry et al. (46), using BSA as the standard.
MDA levels were determined according Yagi (47) This mixture was incubated at RT in a dark room for 15 min. Fluorescence was measured using excitation and emission wavelengths of 350 nm and 420 nm, respectively. The calibration curve was prepared with standard GSH (0.001-1 mM) and the concentrations, determined in triplicate for each experimental condition, and referred as nmol GSH/mg protein.
Western blotting assays
To assess the Nrf2/ARE dependent expression of HO-1 (23-25); confluent Gcdh-/-astrocyte cultures were pretreated with 1 µM MEL or 20 µM tBHQ, then challenged to 10 mM Lys.
24 h later, astrocytes of all conditions were scrapped in cell lysis buffer, sonicated and the protein concentration determined by the bicinchoninic acid procedure. Denatured samples were seeded and a typical SDS-PAGE electrophoresis and blotting was performed (23) .
Proteins that were transferred to a PVDF membrane were incubated overnight with a 1:1000 dilution of anti-HO-1 or with 1:4000 of anti-βactin antibody that was used as a protein loading control. After 1 h of incubation with HRP-conjugated secondary antibodies, the PVDF membrane was incubated with a commercial ECL kit (Pierce, Rockford, IL) and bands were analyzed with the Image J (NIH, USA) gel analyzer tool. Data were referred as the percentage of βactin expression in each corresponding sample.
Statistical analysis
All values shown are the mean ± SEM of at least 3 to 5 independent experiments performed in triplicates. Data analysis was performed using standard statistical packages (SigmaStat 2.0 and Origin 8.1). To determine statistical difference among groups we use a two-factor analysis of variance (ANOVA). p<0.05 was considered statistically significant, and p<0.1 marginally significant.
LEGEND TO FIGURES
Fig. 1: Astrocytes express GCDH in cultures and co-cultures with neurons. A) GCDH
immunoreactivity in WT astrocyte cultures shows a perinuclear punctate specific expression.
The same pattern was maintained in astrocytes co-culturedwith WT neurons in spite of the astrocytic signal (short arrow) that was much lower than that of neurons (long arrow). In cocultures of Gcdh-/-astrocytes (KO) with WT neurons the high neuronal GCDH expression (long arrows) coexists with a very low no specific binding in astrocytes (short arrow).
Calibration bars: 25 μm. B) CG/MS chromatograms showing the presence of detectable levels of GA (arrows) in the culture medium of WT and Gcdh-/-astrocytes under basal conditions or exposed to 10 mM Lys during 72 h. 
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